It is well established that the expression profiles of multiple and possibly redundant matrix-remodeling proteases (e.g., collagenases) differ strongly in health, disease, and development. Although enzymatic redundancy might be inferred from their close similarity in structure, their in vivo activity can lead to extremely diverse tissueremodeling outcomes. We observed that proteolysis of collagen-rich natural extracellular matrix (ECM), performed uniquely by individual homologous proteases, leads to distinct events that eventually affect overall ECM morphology, viscoelastic properties, and molecular composition. We revealed striking differences in the motility and signaling patterns, morphology, and gene-expression profiles of cells interacting with natural collagen-rich ECM degraded by different collagenases. Thus, in contrast to previous notions, matrix-remodeling systems are not redundant and give rise to precise ECM-cell crosstalk. Because ECM proteolysis is an abundant biochemical process that is critical for tissue homoeostasis, these results improve our fundamental understanding its complexity and its impact on cell behavior.
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ECM | MMP | proteolysis T he function and integrity of the extracellular matrix (ECM) is vital for cell behavior as well as for whole-tissue homeostasis (1) (2) (3) (4) . The ECM undergoes constant remodeling during health and disease states. Its components are regularly being deposited, degraded, or otherwise modified. The highly stable fibrillar collagen type I (Col I) is abundant in many organ-derived ECMs and connective tissues (5, 6) ; it serves as a tissue scaffold, determining ECM mechanical properties and anchoring other ECM proteins necessary for cell function (7) . These processes are orchestrated by multiple remodeling enzymes, among which the matrix metalloproteinase (MMP) family plays an important role. Only a few members of this proteinase family, the collagenases, are able to degrade the resistant fibrillar collagens, i.e., Col I, as well as other ECM molecules (8, 9) . The collagenases have conserved amino acids in their zinc-containing catalytic domain (8, 10) and display high structural similarities, as reflected by their functional domain organization. Nevertheless, the complex effects exerted by different MMPs on ECM and cells in vivo remain poorly understood.
The enzymatic activity of MMPs, and specifically of collagenases, in vivo is tightly regulated (11) , with enzymatic dysregulation causing irreversible damage associated with a variety of diseases. Abnormally elevated levels of MMP-1 or of both MMP-1 and MMP-13 have been associated with different types of cancers and with inflammatory diseases (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) .
Here, we explored the degradation patterns of natural collagenrich ECM by two homologous MMPs and tested the response of cells to intact vs. selectively degraded ECM. We collectively profiled the unique remodeling events caused by two secreted collagenases, MMP-1 and MMP-13, by using biochemical, biophysical, and proteomics tools. We show that these proteases drive morphological, biochemical, and viscoelastic changes in the ECM leading to unique ECM-cell crosstalk. We reveal that MMP-1 and MMP-13 cause distinct ECM degradation, bringing about significantly distinct cellular phenotypes. Our findings show the complexity and selectivity of collagenase-associated degradation mechanisms during tissue remodeling; these mechanisms could be used as a tool for future therapeutic interventions.
Results

Selective Degradation of ECM by Collagenases Determines Fibroblast
Behavior. We set out to characterize the specific influences of the highly abundant collagenases on fibroblast-ECM crosstalk. In this study we used natural collagen fascicles (termed "ECM") from tendons of 6-mo-old rats (22, 23) . We examined the effect of this ECM on rat-1 fibroblasts, which are known to be sensitive to ECM composition and rigidity. Moreover, these cells, much like epithelial cells, can exhibit different modes of migration toward different substrates and engage in cell-cell interactions (24, 25) . Because fibroblasts inherently express ECM proteins and remodeling enzymes, we conducted our experiments at early stages of interaction Significance Extracellular matrix (ECM) proteolysis is an abundant biochemical process. Here we describe the multilayered biological complexity generated by structurally homologous collagenases (matrix metalloproteinase-1 and matrix metalloproteinase-13) in collagen-rich, native ECM, that may prove central to tissue homeostasis and pathology. The events induced by these two collagenases generate microenvironments characterized by distinct chemical, biomechanical, and morphological ECM properties that lead to different cellular behaviors. Our findings improve the fundamental understanding of selective ECM degradation by homologous collagenases and its impact on cell behavior. Data deposition: MS data and protein/peptide identifications from in-gel analysis have been uploaded to the ProteomeXchange Consortium via the PRIDE repository, www.ebi. ac.uk/pride/archive/login (project accession no. PXD003796; username: reviewer59836@ ebi.ac.uk; password: sTHj8wE8). Mass spectrometry data and protein/peptide identifications from in-solution digestion have been uploaded to the ProteomeXchange Consortium via the PRIDE repository, www.ebi.ac.uk/pride/archive/login (project accession no. PXD003553; username: reviewer87570@ebi.ac.uk; password: cJGfrm0Z). The RNAsequencing dataset has been deposited in the Gene Expression Omnibus database (accession no. GSE79749). (up to 4 h); in this time frame, no collagen deposition or MMP-1 and MMP-13 secretion was detected (Fig. S1 A and B) .
Cell motility was characterized using real-time optical imaging. Although fibroblasts demonstrated a clustered, directional motility toward native ECM (control) with a measured velocity of 40 ± 14 μm/h, they showed individual modes of motility with a velocity of 37 ± 5 μm/h when moving toward MMP-1-degraded ECM. In the presence of MMP-13-degraded ECM, the cells exhibited reduced or arrested motility with a measured velocity of 2 ± 2 μm/h (Fig. 1 A-C, Fig. S1C , and Movies S1-S3).
To analyze the overall shape of the cells, we quantified the cell aspect ratio (the length divided by the width) as a function of time using our live-cell imaging data (Fig. 1G ). This analysis allowed us to compare precisely the shape of cells migrating on differentially remodeled collagen-rich ECM. Cells imaged on control ECM showed aspect ratios ranging from 1.36 to 1.42, exhibiting flat and stable morphologies. Cells imaged on MMP-1-degraded ECM showed increasing cell aspect ratios over time ranging from 1.49 to 4.5, exhibiting an elongated cell shape. Remarkably, cells imaged on MMP-13-degraded ECM showed cell aspect ratios of 1.34-1.51, exhibiting round and stable morphologies over time. In agreement with the live-cell images reported in Fig. 1 A-C, these results demonstrate that cells migrating on MMP-1-degraded ECM adopted an elongated shape with time, whereas cells migrating on MMP-13-degraded ECM adopted round, symmetrical morphologies. To validate these morphological changes, we further quantified the aspect ratios of cells that adhered to differentially degraded ECM using our SEM images at 4 h after seeding ( Fig. 1 D-F) . This analysis yielded a trend in cell aspect ratio similar to that obtained with live-cell imaging at the measured time point (Fig. 1H) . Overall, these analyses provide cell-shape statistics indicating that rat-1 cells adopt different morphologies upon interaction with differentially degraded Col I-rich ECM.
The differential phenotypes acquired by fibroblasts interacting with degraded ECM suggested a typical and unique cellular response driven by signal modulations transmitted by the ECM (26, 27) . Because cells regulate migration, proliferation, and adhesion mainly through the activation of the ERK1/2 cascade (28), we examined the effect of ECM remodeling on this cascade. Fibroblasts adhering to native ECM demonstrate a sustained mode of ERK1/2 activation; in contrast, a transient activation, peaking at 30 or 60 min, was detected in cells adhering to ECM degraded by either MMP-1 or MMP-13. Moreover, cells interacting with degraded ECM exhibited higher levels of total protein (represented by ERK1/2), indicating improved cell adhesion ( Fig. S2 A-C). These results are in good agreement with published work (29, 30) demonstrating that adhesion to the ECM permits efficient growth factor-mediated activation of ERK1/2 in fibroblasts. We further quantified the Western blot experiments and calculated the overall adherence rate by applying a linear regression algorithm (Fig. S2D) . The results show an increase in the number of cells adhering to degraded ECM in comparison with natural ECM. Remarkably, an increase of ∼34% in cell adherence was observed in cells that adhered to MMP-1-versus MMP-13-degraded ECM. In correlation with the observed changes in cell shape in Fig. 1 , these results suggest that degradation of the ECM by MMP-1 results in improved adherence manifested through cell elongation.
By profiling fibroblast transcriptional responses, we found 3,163 genes that were differentially expressed in cells interacting with ECM remodeled by MMP-1 or MMP-13 compared with control. The transcriptional responses of fibroblasts interacting with degraded ECM clustered into several groups of genes involved in adhesion (P < 10 −9
), proliferation (P < 10
), and morphogenesis (P < 10 −5 ) ( Fig. S2E and Datasets S1 and S2). Induction was observed in protocadherins (Pcdhga3, Pcdhga5, and Pcdhga8), which are involved in cell adhesion and have been shown to interact with a wide range of binding partners, resulting in cytoskeleton changes (31, 32) as well as transcription factor 3 (Tcf3), which is involved in cell migration and wound healing. The elevated expression of the Pcdhga3 and Pcdhga5 genes can be related to direct and indirect cellular adhesion properties corroborated by a large number of other interacting proteins, including phosphatases, kinases, and adhesion molecules.
In addition, we found induction of genes involved in proliferation, such as cyclin-dependent kinases (Cdk2, Cdk9, and Cdk14). Induction also was found in genes that are involved in morphogenesis such as discoidin domain receptor tyrosine kinase 1 (Ddr1), which is activated by various types of collagen and is involved in cell growth and communication (33) , and tropomyosin 1 (Tpm1) and cadherins (Cdh2, Cdh3). Our gene-expression data were validated using quantitative PCR (qPCR) analysis of representative genes (Fig. S2 F-H and Dataset S3). Overall, these analyses indicate that the responses of rat-1 cells differ upon their interactions with differentially degraded Col I-rich matrices.
MMP-1 and MMP-13 Produce Distinct Microscale Morphologies and
Viscoelastic Alterations of ECM. Because collagenases are highly potent proteases that are capable of irreversibly cleaving and reshaping the ECM landscape, we next focused on identifying the morphological changes exerted upon the ECM as a result of specific collagenase activity. SEM images demonstrate that natural ECM consists mainly of collagen fibrils aligned along the fiber axis. Upon degradation by MMP-1 or MMP-13, the spatial organization of the collagen fibrils is changed: the fibril alignment is disrupted, producing specific and robust digestion patterns. MMP-1 produces widely distributed broken and bent fibrils exhibiting multiple orientations, whereas MMP-13 causes the splitting of the native collagen fibrils into thinner ones, as opposed to the straight and aligned intact fibrils (Fig. 2) . The unique ECM microscale morphologies produced by MMP-1 and MMP-13 may lead to changes in ECM biomechanical properties on the macroscale level.
By applying rheology measurements, we determined the frequency dependence of the elastic (G′) and viscous (G′′) moduli, measuring the stress response of the ECM with frequencies varying from 1 to 100 Hz (Fig. S3A) . All samples exhibited gellike behavior: G′ was higher than G′′, and both parameters increased slightly with frequency. A comparative analysis of G′ values points to intact ECM as being stiffer (∼37 kPa) than degraded ECMs (G′ of ∼1.5 kPa for MMP-1 and ∼14 kPa for MMP-13). In addition, the G′′ values revealed that intact ECM has the highest viscosity (∼1.75 kPa), whereas ECM altered by MMP-1 and MMP-13 is less viscous (G′′ ∼0.6 kPa). Taken together, these findings demonstrate that selective degradation results in distinct ECM microscale morphologies and viscoelastic properties that may lead to differential regulation of cell behavior (34, 35) .
Collagenolysis Is Driven by Distinct Structural Mechanisms. We used transmission electron microscopy (TEM), cryoTEM, and negative staining to visualize the degradation products present in supernatants after MMP degradation. TEM images of native ECM supernatants revealed extremely low quantities of individual fibrils. The images display empty background areas around highly ordered fibrils, confirming the near absence of degradation, as expected because Col I is very stable and abundantly cross-linked ( Fig. 3 A and D and Fig. S3B ) (5) . In contrast, samples treated with MMP-1 or MMP-13 displayed highly abundant, ruffled fibrils surrounded by unique degradation products, strongly suggesting that these fibrils are formed during MMP degradation (Fig. 3 B, C, E, and F and Fig. S3B ). The distinct banding of 67 nm observed in Col I fibrils has been used to correlate protein sequence location to the bands (36) , and these assignments were correlated to the bands observed by cryoTEM (Fig. S3C ). This correlation led to the identification of the N-and C-telopeptide regions and the site of MMP cleavage (Fig. 3) . From these assignments, we observed structural anisotropicity of Col I cleavage in the cases of both proteases. The images reveal the "peeling" of degraded fragments, fringing off from the C-to-N terminus direction of the Col I fibrils (Fig. 4 B, C, E, and F). This directionality in MMP degradation may be dictated by the natural polarity of Col I fibrils, in which C and N termini of collagen molecules directed toward different poles of the fibrils. The anisotropicity of collagen degradation is also confirmed by comparing fibril termini, which display distinct morphologies (Fig. S4) . The N-terminal ends of the degraded fibrils are more compact than their C-terminal counterparts, suggesting that fibril degradation generally progresses from the C to the N terminus of the fibril. Most importantly, the cryoTEM images of degraded fibrils show that cross-linked C-telopeptides are not degraded during MMP-1 processing, as indicated by their presence in the background of proteolyzed morphologies extending out from the fibrils (Fig. 3B, green arrows) . In comparison, crosslinked C-telopeptides are not present in fibrils degraded by MMP-13 ( Fig. 3C) , indicating the existence of a highly selective degradation mechanism on the Col I fibril. TEM images of negatively stained samples reveal that both proteases produce heterogeneous populations of degraded products, with triangular microfibril morphologies prevalent in MMP-1-treated ECM and rod-like fragments prevalent in MMP-13-treated ECM ( , and ECM degraded by MMP-13 (E and F). The ECM degradation was done using 500 nM MMP-1 or MMP-13 at 30°C for 24 h. The detailed analysis of more than 400 SEM images shows that normal collagen fibrils lying underneath the degraded fibers are observed in all treatments. At chosen conditions the ratio of degraded to undegraded fibrils was estimated to be 0.13:1. Proteolysis could be observed up to ∼80 microns deep within the collagen fascicles. (Scale bars: 1 μm.) abundant lengths were 223 ± 15 nm and 82 ± 13 nm for MMP-1 and 207 ± 15 nm and 83 ± 15 nm for MMP-13 (Fig. S7) . These distributions reflect the signature cleavage positions at 3/4 and 1/4 of the monomeric length of collagen, as well as other nonclassical cleavage sites marked by the broad Gaussian peak. The individual rod-like fragments resulting from MMP-13 degradation observed in the TEM images ( Fig. 3F and Figs. S5 and S6) had a diameter of ∼4 nm, corresponding to the proposed diameters of individual microfibrils (five-molecule bundles) from TEM and diffraction studies (37, 38) . We interpret the triangular morphologies present in MMP-1-degraded samples as being formed by bundles of microfibrils that are connected at the C-telopeptide terminus. Our observations strongly suggest that one microfibril is processed as a single cleavage incident. This conclusion is supported by degradation kinetics studies showing a processive burst of 15 ± 4 cleavage events occurring within one cut (39), corresponding to five triple-helical molecules in a single microfibril (5 × 3 = 15 cleavage events).
Differential Proteomic Profiles Are Generated During ECM Degradation by Collagenases. Mass spectrometry analysis [nano-LC-electrospray ionization (ESI)-MS/MS] was used to examine the proteomic profiles of supernatants of ECM degraded either by MMP-1 or MMP-13. This analysis revealed distinctly different degradation patterns for MMP-1 and MMP-13, whereas the control samples, as expected, contained a minimal amount of degradation products (Fig. S8) . Fig. 4 A and B and Dataset S4 list the total relative abundances of matrisome proteins released from treated ECM, in which Col I is the most abundantly degraded protein. Because trypsin digestion is highly specific (40), we correlated semitryptic peptides detected by MS with the proteolytic activity of MMPs and determined Col I (and several noncollagenous proteins) unique and common cleavage sites for MMP-1 and MMP-13 ( Fig. 4C and Fig. S9 ). Principal component analysis (PCA) of Col I tryptic peptides resulted in three distinctly isolated, closely clustered populations (Fig. S10) , indicating that each collagenase degrades Col I fibrils using a distinct mechanism. The most striking differences between the two supernatant profiles are the content and relative abundance of noncollagenous components such as proteoglycans (PG), glycoproteins (GP), ECM-affiliated proteins, and other function-related ECM regulators. Fig. 4 shows that selective ECM degradation impacts not only the ECM's morphology and viscoelastic properties but also its molecular composition, thus adding complexity to the observed effect. For example, our data confirmed the previously reported MMP-13 specificity for the GP tenascin-C (41), and the PG aggrecan (42) and showed much broader specificity of MMP-13 to matrisome proteins. Other differentially released noncollagenous components include PGs such as decorin and fibromodulin and GPs such as fibulin 5, all known to be critical for cell signaling, spreading, and motility (43) (44) (45) . Taken together, these data demonstrate that both collagenases effectively degrade native collagen-rich ECM in a highly selective mode which consequently releases bioactive matrisome molecules and at the same time exposes new matrix-associated epitopes and protein complexes.
Discussion
The constant remodeling of the ECM environment in healthy and diseased states continuously subjects cells to a variety of stimuli. Nevertheless, we lack an understanding of the cellular implications of these stimuli. This study shows that cell-ECM crosstalk is governed by specific and selective activity of remodeling enzymes that exert intricate effects on the ECM, thus altering its morphology and viscoelastic and biochemical properties. Specifically, our results provide mechanistic insights into how homologous collagenases selectively degrade native collagen-rich ECM.
Cells seeded onto collagen matrix may secrete their own ECM proteins and remodeling enzymes over a longer time (Fig. S1) . Therefore, we conducted our experiments at the early stages of cell-ECM interactions. In addition, the control and degraded collagen-rich ECM was washed extensively to minimize the presence of degradation products and exogenously added MMPs. We found that the observed changes in cell shape, motility, and signaling are affected most by the degraded matrix morphology, biochemistry, and mechanical properties and less by the degradation products. However, we could not completely exclude the contribution of cell-derived matrix proteins and proteases to the effects observed on the ECM or to the activation of other cell-produced proteases. Nevertheless, our results clearly demonstrate that homologous collagenases promote differential degradation patterns on natural ECM. Although MMP-1 and MMP-13 are structurally homologous and degrade Col I anisotropically from the C to the N terminus, we show that they have a different specificity and selectivity to natural collagen fascicles: MMP-13 exhibits broader substrate specificity than MMP-1 and produces a greater variety of degradation products. In addition, we found that ECM degradation by either MMP-1 or MMP-13 reveals distinct collagen-cleavage mechanisms, producing characteristic degradation fragments as shown by both TEM images and MS analysis (Figs. 3 and 4) . The distribution analysis of Col I fragment lengths showed that each enzyme produced intrapopulation heterogeneity, confirming our MS data and indicating the existence of several cleavage sites on Col I. These significantly different cleavage patterns suggest that MMP-1 and MMP-13 access different epitopes of the assembled or partially digested collagen fibrils.
Our results are supported by recently published data indicating MMP-13's ability to cleave a range of dissolved collagen type II peptides (46) . In addition, regions of helical instability and triplehelix local dissociation recently identified in native hydrated collagen fibrils (47) may enable MMPs to access other exposed sites. These results are further supported by PCA demonstrating the distinct tryptic fragments of native MMP-1-and MMP-13-degraded Col I. Furthermore, TEM and nano-LC-ESI-MS/MS analysis provided proof that the C-telopeptides remain intact in MMP-1-degraded Col I but are cleaved by MMP-13. Previous in vitro and in silico studies suggested that the cleavage of C-telopeptides is a critical initial step in collagenolysis, enabling the MMPs to access the cleavage site (48) . Remarkably, our data show that MMP-1 collagenolysis can occur efficiently without prior C-telopeptide cleavage. It is noteworthy that our experimental set-up using native collagen fascicles, a fibroblast cell line, and individual proteases may not completely mimic the complex natural action of collagenases in vivo during health and disease states. For example, excess activity of multiple interstitial collagenases could be correlated with a chronically nonhealing wound (44) . Nevertheless, our results highlight another, previously unrecognized level of complexity, showing that each protease exhibits a unique proteolytic pattern within the native tissue. Although the degradation products may differ among different tissues in vivo, our mass spectrometry analysis conducted on the model we used demonstrates the general concept that homologous collagenases do not exhibit redundant enzyme activity at multiple biochemical levels. We show that the degradation of collagenous and noncollagenous proteins, such as decorin, fibromodulin, and aggrecan, which are required for the proper organization of the ECM, may also change the ECM's spatial organization and its morphology. In addition, under physiological conditions the release or degradation of these matrisome molecules was reported to contribute to cell signaling through their interactions with cell-surface molecules (45, 49, 50) . Finally, selective degradation of PGs and GPs is known to contribute to cell adhesion and activation of cell proliferation (43, 44, 51, 52) .
We demonstrate that ECM degradation by MMPs improves fibroblasts' ability to adhere to ECM, suggesting that ECM degradation leads to the exposure of adhesion sites and/or signaling molecules bound to the ECM scaffold. Indeed, some of the genes that were induced in the cells following interaction with the degraded ECM were annotated as adhesion molecules, such as protocadherins (Pcdhga3 and Pcdhga5), belonging to the cadherin family, and morphogenesis/adhesion molecules (Ddr1 and Tpm1). These genes are known to interact with a wide range of binding partners regulating cell adhesion (32) . The induced transcriptional responses of genes related to proliferation (Cdk9 and Cdk14) in fibroblasts interacting with MMP-degraded ECM also support the observed induction of the ERK1/2-signaling cascade. We also examined the other main MAPKs signaling pathways (JNK, p38, and AKT) and found no significant activation under the applied experimental set-up. Furthermore, we show an increase in collagen receptor Ddr1, which regulates cellular functions such as cell spreading and polarity, in response to ECM-microenvironment alterations (53, 54) . Overall, the remodeling events of collagenrich ECM by either MMP-1 or MMP-13 contributed to fibroblastmatrix communication, suggesting that such stimulation may be involved in cell migration in normal and pathological processes. For example, MMP-13 has been shown to enhance the remodeling of 3D collagen matrix, to affect cell morphology, and to promote proliferation of dermal fibroblasts in both in vitro and in vivo models of wound healing (44, 55) .
Finally, our results confirm that ECM degradation by both collagenases is accompanied by a significant loss of mechanical rigidity on the macroscale level, resulting from the degradation of the outer layers of each fascicle. Both MMP-1 and MMP-13 bring about ECM softening, with MMP-1 having a stronger softening effect than MMP-13. Softening of polyacrylamide substrates and other artificial matrices is known to reduce the spread of fibroblasts, decrease cell motility, and induce cell rounding (56, 57) . Remarkably, we observed that softening of native collagen-rich ECM by individual collagenases resulted in differential cell behavior. This finding implies that the biomechanical properties of native ECM constitute only one of the parameters impacting cell motility, shape, and spreading. Our results demonstrate the importance of a combinatorial effect that includes the integration of all the events driven by MMP degradation, namely ECM morphology, molecular composition, and biomechanics, that govern cell behavior. These observations suggest that the concerted action of several collagenases, including MMP-8 and MMP-14, among other proteases detected in various pathologies, will manifest the severity of the disease by interfering with the tissue and ECM integrity in a combined or synergistic manner. Such concerted proteolytic action also can contribute to the activation of other proteases and their tissue inhibitors in vivo.
In conclusion, our results demonstrate the distinct roles of ECM-remodeling enzymes in generating specific ECM properties that affect cells and determine their fate. Our integrated experimental approach identified the specific changes in morphology, biomechanics, and molecular composition that occur in the native ECM during degradation reactions. Our study reveals the exquisite specificity and selectivity of the enzymatic activity of two structurally homologous collagenases in the context of their natural microenvironment. Collectively, our results highlight the importance of selective ECM remodeling.
Materials and Methods
Details of reagents, antibodies, detailed methods for ECM preparation, expression, and purification, activation and enzyme activity assays for MMP-1 and MMP-13, cell culture, RNA isolation, qPCR, Western blot analysis, imaging studies, proteomic analysis by mass spectrometry, rheology, and statistical analysis used in this study can be found in SI Materials and Methods.
